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Abstract

Coronal mass ejections(CMEs) occur when long-lived magnetic� ux ropes(MFRs) anchored to the solar surface
destabilize and erupt away from the Sun. This destabilization is often described in terms of an ideal
magnetohydrodynamic instability called the torus instability. It occurs when the external magnetic� eld decreases
suf� ciently fast such that its decay index, ( )� � � � � s � sn z B zln , is larger than a critical value, ��n ncr, where

��n 1.5cr for a full, large aspect ratio torus. However, when this is applied to solar MFRs, a range of con� icting
values forncr is found in the literature. To investigate this discrepancy, we have conducted laboratory experiments
on arched, line-tied� ux ropes and applied a theoretical model of the torus instability. Our model describes an MFR
as a partial torus with foot points anchored in a conducting surface and numerically calculates various magnetic
forces on it. This calculation yields better predictions ofncr that take into account the speci� c parameters of the
MFR. We describe a systematic methodology to properly translate laboratory results to their solar counterparts,
provided that the MFRs have a suf� ciently small edge safety factor or, equivalently, a large enough twist. After this
translation, our model predicts thatncr in solar conditions falls near �_n 0.9cr

solar and within a larger range of
( )�_n 0.7, 1.2cr

solar , depending on the parameters. The methodology of translating laboratory MFRs to their solar
counterparts enables quantitative investigations of CME initiation through laboratory experiments. These
experiments allow for new physics insights that are required for better predictions of space weather events but are
dif� cult to obtain otherwise.

Uni� ed Astronomy Thesaurus concepts:Laboratory astrophysics(2004); Solar coronal mass ejections(310); Solar
� ares(1496); Solar magnetic� elds(1503); Space weather(2037)

1. Introduction

Protrusions of the magnetic� eld and plasma from the solar
surface often result in the formation of long, thin magnetic� ux
ropes(MFRs; Kuperus & Raadu1974; Chen1989; Rust2003).
These� ux ropes are bundles of twisted magnetic� eld lines
with foot points anchored to the solar surface through line-tying
to the conductive photosphere. The ropes are often long-lived
but can sometimes violently erupt, leading to coronal mass
ejections(CMEs; Crooker et al.1997; Green & Kliem2009).
Understanding the causes of these eruptions is necessary for the
prediction and further understanding of space weather.

One potential mechanism that can trigger a CME from an
initially stable MFR is an ideal magnetohydrodynamic(MHD)
instability called the torus instability(Bateman1978; Kliem &
Török 2006). This instability occurs when the external magnetic
� eld perpendicular to the MFR’s axis, the strapping� eld, decays
quickly enough with height. The rate of decay of the strapping
� eld can be described by a decay index,ns, and causes an
instability when it exceeds a critical value, ��n ns cr. For an
axisymmetric, large aspect ratio, full torus, the critical value is

��n 1.5cr (Shafranov1966; Bateman1978). However, extend-
ing this theory to nontoroidally symmetric line-tied systems such
as MFRs has proved challenging(Isenberg & Forbes2007;
Olmedo & Zhang2010). While some MFR simulations are
consistent with ��n 1.5cr (Török & Kliem 2007; Aulanier et al.
2009; Zuccarello et al.2015), other analytical work has found

critical values in a much larger range, � � � �n0.5 2cr , depending
on the ratio of the apex height and foot-point half-separation
(Olmedo & Zhang2010). Some simulations have found values
near the higher end of this range with � � � �
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